The rate at which fallen hickory nuts are removed from beneath the parent tree, and the effect on this rate of the seed predator Conotrachelus affinis, was studied in an oak-hickory forest in southeastern Michigan, USA, during a year in which few nuts were produced. The trees responded to Conotrachelus, which destroyed half the nut crop, by aborting inviable nuts during the summer. The seed dispersers, mostly gray squirrels, removed fallen nuts rapidly, showing the ability to distinguish viable nuts and remove them preferentially. The number of nuts removed in a week varies directly with the number available, and removal rate increases when many viable nuts are falling. The death of most seeds before dispersal, and the squirrels' efficiency at foraging on nuts and recovering them after burial, imply that successful hickory reproduction takes place only in years of heavy nut production.
Introduction
Many important forest trees of the North Temperate zone produce large seeds that are both dispersed and preyed upon by the same species of birds and mammals. The seeds of many of these species are attacked by weevils (Curculionidae), which may destroy a large portion of a tree's crop (Janzen, 1971) . Thus, the fate of the seed before germination involves a three-way interaction among trees, insects, and vertebrates. This interaction system is often characterized by substantial year-to-year variation in the number of seeds produced, an example of which is the mast cycle of American beech (Fagus grandifolia) populations. One would expect the pattern and results of dispersal and predation to differ between years of high and low seed production.
This study covers the interaction of sweet pignut hickory, Carya glabra (Mill) Sweet var. odorata (Marsh) Little, its weevil predator Conotrachelus affinis Boheman, and its mammalian predator-dispersers [mostly gray squirrels, Sciurus caroIinensis (Gmelin) ], in a year of low seed production. The field work was 290 V.L. Sork and D.H. Boucher done in the summer and fall of 1975 in an oak-hickory forest area at Haven Hill Unit of Highland State Recreation Area, Oakland County, Michigan. This area contains a second-growth stand which has not been disturbed significantly for at least 50 years; adult white, black, and red oaks (Quercus alba, Q. velutina, and Q. rubra) are most common, while shagbark and sweet pignut hickories (Carya ovata, C. glabra var. odorata) are of secondary importance.
Sweet pignut hickory, as well as the oaks and other hickories, produced a small fruit crop in 1975; many of the nuts were attacked by weevils. We studied the temporal patterns of nut fall and subsequent removal from midsummer through the end of the fruiting season. This study provides an example of the type of interaction through which North Temperate forests reproduce themselves.
Natural History

Sweet Pignut Hickory
Sweet pignut or red hickory has been described both as a distinct species [Carya ovalis (Wangenh.) Sarg.] and as a variety [C. glabra (Mill.) Sweet var. odorata (Marsh) Little] of pignut hickory. It is distinguished from typical C. glabra by the smaller size of its fruit, the sweet taste of the endosperm, and the complete dehiscence of the husks at maturity (Elias, 1972) . We follow the nomenclature of Little (1953 Little ( , 1969 , who reduced C. ovalis to varietal status under C. glabra.
The Haven Hill study area is close to the northern limit of C. glabra, and of the genus as a whole (Nelson, 1965) . This species is common in deciduous forests of eastern North America. In southeastern lower Michigan, C. glabra generally occurs in second-growth forests, associated with oaks and other hickories. Mature trees average 15-30 m in height, with a diameter at breast height of 0.5 to 1 m (Collingwood, 1937) . Production of commercial quantities of seed begins at about 30 years of age. The largest yields (2 bushels or more, or several thousand seeds) are produced by trees 75-200 years old (U.S. Forest Service, 1948; Nelson, 1965) .
Studies of pecans [C. illinoiensis (Wangenh.) K. Koch] and mockernut hickory (C. tornentosa Nutt.) suggest that early summer growth involves mostly expansion of the fruit to full size, while during late summer the husk and shell harden and the embryo "fills" (Woodroof and Woodroof, 1927; Shen, 1973) . In the fall, the mature nuts drop from the tree, with or without separating from the husk; the removal of fallen nuts by dispersers may last into December (U.S. Forest Service, 1948) . Most seeds germinate the following spring, although some germination without overwintering has been observed in C. ovata (Barton, 1936) .
Large seed crops are reported to occur every "1-2 years" in C. glabra (U.S. Forest Service, 1948; Nelson, 1965) ; however the species has not been Pignut Hickory Seed Dispersal and Insect Predation 291 shown to have a well-developed mast cycle. However, years of low fruit production, such as that described here, are probably common. There is no doubt that the trees we studied could potentially produce at least one order of magnitude more nuts than the average of 235.5 observed in 1975.
Hickory-Nut Curculio
Conotrachelus affinis Boheman, the hickory-nut curculio, preys on the seeds of several species of Carya, including C. glabra (Schoof, 1942) . Brooks (1922) and Scho0f (1942) describe the biology of this beetle; Gibson (1964) discusses three related species which attack acorns. The adults emerge from hibernation in late spring, and the female begins laying eggs on the immature hickory fruits in mid-May in Ohio (Shen, 1973) and late June in West Virginia (Brooks, 1922) . Eggs hatch in 5 7 days and the larvae burrow into the developing seed. The attacked fruit reportedly drop to the ground about two weeks after the larvae begin to feed. This phenomenon results in heavy seed fall in mid-July aus August, a pattern described by Shen (1973) and also found in this study. The larvae emerge from the fallen nuts approximately two weeks after drop and pupate 3-5 cm below the surface of the soil. The pupa stage lasts 30 days, after which the adults issue from the ground and soon go into hibernation until the following spring.
Vertebrate Predator-Dispersers
Various species of squirrels occur at Haven Hill and are probably the major removers of fallen pignut hickory nuts. We observed gray squirrels (Sciurus carolinensis Gmelin) foraging on hickory nuts in our plots and found the remains of partially eaten nuts with their toothmarks. The gray squirrel feeds primarily on hickory nuts, beechnuts, acorns, and walnuts (Brown and Yeager, 1945; Barber, 1954; Davidson, 1964) , showing a preference for hickory nuts and walnuts during the fall and spring, and for acorns in the winter (Nixon et al., 1968) . We have also observed red squirrels (Tamiasciurus hudsonicus Erxleben) foraging in the area, and fox squirrels (Sciurus niger Linnaeus) and flying squirrels (Glaucomys volans Linnaeus) are known to occur at Haven Hill also. U.S.
Fish and Wildlife Service records (Martin etal., 1968) show squirrels to be the major consumer of hickory nuts in the eastern U.S.
Various other animals are known to be potential seed predators but are probably less important than the squirrels. These include the Eastern chipmunk [Tamias striatus (Linn.) ] which we saw in the area but was never observed feeding on hickory nuts, and small rodents such as Peromyscus leueopus (Rafinesque), which are known to occasionally collect and feed on hickory nuts (Nicholson, 1941; Howard and Evans, 1961) . U.S. Fish and Wildlife Service records also list woodpeckers and grosbeaks as minor consumers.
Methods
HeM Work
The data were gathered in the oak-hickory section of forest at Haven Hill, an area of mixed beech-maple, oak-hickory, and lowland swamp forest stands. We explored the area in late July for mature Carya glabra that were producing nuts, and found six individuals with visible crops. The majority of mature C. glabra at this location produced no seed crops in 1975, so our sample included essentially all C. glabra nut production over an area of several hectares. We divided the samples into two groups: three trees for "collecting" (breast height diameters = 36.9 cm, 36.8 cm, 34.7 era) and three for "mark-and-recapture" studies (35.3 cm, 44.1 cm, 30.6 cm).
All nuts under the collecting trees were collected on July 29 and divided into two groups on the basis of size. Those nuts which were mature size (25 mm diameter) or nearly so probably fell during late July (see Woodroof and Woodroof, 1927; Shen, 1973) ; those substantially smaller than mature size presumably fell in June and early July.
On August 5, and each succeeding week through October 21, all nuts on the ground under the collecting trees were gathered. The nuts in each week's sample, as well as the two samples collected on July 29, were cut open, and each nut was classified into one of four categories: 1) those containing one or more Conotrachelus affinis larvae, 2) those with a C. affinis exit hole, 3) aborted and unfilled nuts that had not been attacked by C. affinis, and 4) apparently viable~ nuts which seem capable of germinating. The first two categories combined are referred to as "Infested", the third is termed "Aborted", and the fourth, "Viable". The sum of Infested and Aborted is referred to as "Inviable". While the number of nuts under the three collecting trees varied substantially, from 101 to 330 nuts per plot for the whole season, the proportions of Infested, Aborted, and Inviable nuts did not differ significantly among plots for ten of the twelve weeks. Therefore, the totals for the three collecting trees were combined.
Study plots (each 50 m z, 7.1 by 7.1 m) were staked out under the centers of the canopies of the other three trees. Each plot was cleared of all Carya glabra nuts on July 29. These "mark-andrecapture" plots were censused each week through October 21, and a colored, plastic toothpick was placed in the ground 3 cm from each fallen nut. A different color was used each week. The number of nuts remaining beside toothpicks of each color was recorded each week for each plot. All the nuts appearing in a given week are termed a "Cohort". The weekly censuses allowed us to find how many nuts of each previously fallen Cohort had been removed from the plot or destroyed during each week.
On October 28, after all the nuts had fallen from mark-and-recapture plot trees, all the nuts remaining on the plots were collected, opened, and classified as Infested, Aborted, or Viable. The total number of nuts falling on a plot over the whole season varied from 100 to 604. However the percent of nuts removed did not differ significantly among the three plots for 11 of the 12 weeks, so the data for the three plots were combined.
Statistical Analyses
The rates at which nuts were removed from the "mark-and-recapture" plots, were calculated in the following manner. The number of nuts on the plots each week, which had fallen since the previous week, is the variable "Newly Fallen"; the total number of nuts on the plots each week is the variable "Total". For week t, the number of nuts Newly Fallen minus the number of these nuts still present the following week (week t + 1), gives the variable "Newly Fallen Removed (t)". Similarly, Total (t) minus the number of those nuts still remaining in week t+ 1, gives "Total Removed (t)". These variables, as numbers and as percentages, are tabulated in Table 2 .
A certain number of nuts must have both fallen and been removed in the period between two censuses, and thus were never seen. An estimate of this number was derived from the Per Cent Newly Fallen Removed and the number of Newly Fallen nuts actually found each week. However, since this estimate correlated highly with the variable Newly Fallen (r 2= 0.96), all analyses were done using Newly Fallen, without correction by this estimate.
The number of Newly Fallen nuts that were viable, was estimated by multiplying Per Cent Viable ( Regressions among variables reported in Tables 1 and 2 were performed using Bartlett's threegroup method of Model II regression (Sokal and Rohlf, 1969, pp. 483-486) . This is the appropriate technique, rather than the more commonly used Model I regression, because all these variables must be presumed to be sample measurements which include some error. The arcsine transformation was used in all regressions involving percentage variables. Disappearance curves (plots of the "Per Cent Remaining" in a cohort against its age, Fig. 4) were fitted to the logarithmic decay equation dN/dt=-kN. Non-linear least-squares regressions for functions of the form Y=e -kt were derived, combining data from all cohorts.
The values of the variables for each week do not represent independent samples, because there is temporal autocorrelation among them. Thus, one of the basic assumptions of statistics (both parametric and non-parametric) is not met, and so strictly speaking, statistical tests should not be used. We present the statistical analyses, including regression coefficients, correlation coefficients, and probability values, as descriptions of relationships rather than as tests of hypotheses. They should be interpreted as measurements of the strengths of relationships seen in the actual data, rather than as inferences concerning whether or not those relationships could be due to chance.
Results
The totals in Table 1 show that nut production for the 1975 season, which averaged 262 nuts per collecting tree, was relatively low compared to the several thousands per tree reported in the literature for mast years. Moreover, a large proportion (80%) of the nuts either were attacked by weevil larvae (48%) or had aborted development (32%). There were very few viable nuts falling over the entire season (54 per collecting tree).
The patterns of fall for aborted and infested seeds were different from those of viable seeds (Fig. 1) . Over 80% of the weevil-attacked nuts had been dropped by August 5, while a majority of the viable nuts were found from August 26 through September 23. Most aborted nuts fell during June, July, and August. After August 19, the number of inviable nuts that fell per week remained more or less constant ( Fig. 1 and Table 1 ). The year's entire crop had fallen by October 21. Figure 2 shows that removal of newly fallen nuts is directly correlated with their number. The equation of this line is Y= 0.29X-3.8 (r 2 = 0.68 and P = 0.001). Thus, less than a third of the nuts newly fallen in any given week will have been removed by the following week.
The Per Cent Total Removed in a given week is correlated with the estimated number of Viable Newly Fallen nuts at the start of that week ( Fig. 3 ; r 2 = 0.45, P=0.017). Per Cent Newly Fallen Removed also correlates with Viable Newly Fallen (r2=0.36, P=0.039). In contrast, neither Per Cent Total Removed nor Per Cent Newly Fallen Removed correlates significantly with Per Cent Viable (P = 0.32 and P = 0.21, respectively).
An estimate of what percentage of the nuts being removed are newly fallen can be found by regressing Newly Fallen Removed on Total Removed. The resulting equation is: Y= 0.46X+ 0.07, with r 2 = 0.52 and P = 0.008. This equation suggests that nearly half of the nuts being removed are newly fallen ones.
The time course of disappearance of seeds approximates the logarithmic equation dN/dt= -kN (Fig. 4; r2=0.97, P<0.001) . The k values for this equation do not differ significantly for the different cohorts. However, the observed values of Per Cent Remaining for latter weeks are consistently larger than what would be predicted from the removal rates in the first 6 weeks. This deviation from the logarithmic equation can be explained by the results in Table 3 , which shows that by the end of the season, the nuts remaining on the ground consisted of a disproportionately large number of aborted and weevilattacked ones, and very few viable ones. The Per Cent Viable Unremoved is significantly smaller than the Per Cent Inviable Unremoved (P < 0.005 using the Wilcoxon signed-ranks test). The deviations from the predicted curve in Figure 4 represent the inviable nuts from the older cohorts, which are not being removed.
The value of (e-k(O)--e-k(J))= l-lie k gives an estimate of the percentage of seeds being removed within the first week after falling. With k=0.317 from the predicted equation in Figure 4 , this estimate is 27.2%, which is close to the previous estimate of 28.7%. These two estimates were derived from separate but not independent parts of the data.
Discussion
The results clearly show that there is an interaction among Conotrachelus affinis, Sciurus carolinensis, and Carya glabra var. odorata. The data are not sufficient to analyze the coevolution of these three species (see Smith, 1970 ), but they do illustrate the factors affecting the reproductive success ofCarya glabra within ecological time. The dynamics of this system do not always operate in the manner of this year; nonetheless, the observed results can serve as a general model for this system. The success of a tree in producing seedlings depends heavily on the dispersal of its seeds. For large-seeded species having vertebrate predator-dispersers, this will depend greatly on the trees' ability to make large numbers of seeds available to the dispersers; it will also be affected by the temporal pattern of availability of seeds. The number of seeds available to dispersers depends on the number produced and the proportion that develop fully and escape insect predation. Because all these factors affect the foraging behavior of the dispersers, their interaction is an important component of the dispersal process.
Several workers (Downs, 1944; Downs and McQuilken, 1944; Beal, 1952; Christisen, 1955; Gashwiler, 1970; Griffin, 1971; Gibson, 1972) have found greater proportionate loss of seeds to insect and vertebrate predators in years of low seed production. However, Gibson (1971) found the reverse pattern, and in Dalke's data (1953) this holds only for all tree species considered together, not for individual species. Thus, in years of low seed production, very few seeds are available for dispersal. In our study, 50% of the crop was destroyed by weevils, and many of the seeds failed to develop correctly for unknown reasons. Thus only 20% of the crop was left for dispersal and possible germination.
Most of the inviable nuts were aborted in June, July, and early August. This pattern, also observed by Brooks (1922) , suggest that the tree can detect changes in the development of fruits and respond by dropping some seeds early. As a result, most of the inviable nuts fall in the summer and most of the viable nuts in the fall.
Removal of nuts by squirrels is, to a first approximation, proportional to input of nuts. The fit to the logarithmic equation dN/dt= -kN confirms this result. Therefore, squirrel foraging activity varies directly with the number of nuts available. The logarithmic equation has also been found to fit removal of acorns (Fox, 1974) and seeds of the tropical palm Socratea durrissima (Oerst.) Wendl. (Vandermeer, in preparation) . The logarithmic pattern indicates a constant probability of removal per nut per week. In our case, the probability is very high, resulting in very rapid nut removal. Nearly one-third of the seeds were removed in the first week after they fell, and 80% were gone after five weeks on the ground. A more detailed analysis indicates that the squirrels can distinguish between viable and inviable nuts, showing preference for the viable ones. There is a strong correlation between the percentage of newly fallen nuts removed and the number of viable newly fallen nuts, as well as between the total percentage removal of nuts and the number of viable newly fallen nuts. Thus, a nut's probability of removal increases when there are many viable ones present. The lack of correlation between the percentage removal and the percentage of viable newly fallen nuts indicates that the squirrels are responding to the number of good nuts, not their proportion.
The outcome of the squirrels' efficient removal of viable nuts is that essentially all the nuts remaining under the tree at the end of autumn are inviable. Seedling production depends on those nuts that are removed but not consumed immediately. Many of these nuts are buried by the squirrels, but most will be recovered and consumed later, especially in the spring (Cahalane, 1932; Nixon et al., 1968; Brown and Yeager, 1945) .
Squirrels show a preference for hickory nuts and walnuts in the fall and spring and for acorns in the winter (Nixon et al., 1968) . Hickory nuts and walnuts have higher protein and fat content than acorns (Wainilo and Forbes, 1941) , but they also have thicker shells and husks which require more time for feeding (Smith and Follmer, 1972) . Smith and Follmer explain the seasonal preferences as follows: hickory nuts and walnuts supply energy and nutrients for the foraging season and the reproductive season, while during the winter, the thin-shelled acorns allow the squirrels to minimize time outside the nest. In years of low seed production such as this one, the squirrels are likely to eat the entire crop.
The result of animal-seed interactions in 10w-yield years is that probably very little tree reproduction takes place in these years. This occurs even in the face of tree responses (i.e. abortion of inviable seeds in summer) and squirrel removal efficiency, factors which would be an aid to reproduction in high-yield years. As with other mast-fruiting trees (Janzen, 1971 (Janzen, , 1974 Formosof, 1933) , reproduction of Carya glabra seems to depend on large seed crops.
